Background: Increased knee pain at the time of anterior cruciate ligament reconstruction may potentially predict more difficult rehabilitation, prolonged recovery, and/or be predictive of increased knee pain at 2 years.
In patients who tear their anterior cruciate ligament (ACL), the consensus of opinion, whether ACL reconstruction (ACLR) or rehabilitation is chosen, is to reduce knee pain and symptoms, activate the quadriceps, normalize range of motion, and promote normal gait. 33 Achieving these parameters is believed to be a prerequisite for appropriate timing of ACLR to reduce risk of arthrofibrosis. Another commonly held belief is that a ''bone bruise'' (BB) is associated with knee pain after ACL tear. However, in addition to a BB, which is observed in 80% of patients with ACL tears, 8, 30, 31, 34 several demographic, mechanistic, and intra-articular injuries to articular cartilage and meniscus could also be associated with increased knee pain and/or symptoms at ACLR. [3] [4] [5] 23, 31, 33 Increased knee pain at the time of ACLR may potentially predict a more difficult rehabilitation, prolonged time to pain-free recovery, and/or be associated with more knee pain at 2 years after ACLR. Identifying whether a BB is associated with knee pain and symptoms could alter preoperative weightbearing protocols to decrease pain or delay ACLR or to allow sufficient healing time of BB with associated articular cartilage injury. 19, 31 The concomitant BB observed in 80% of ACL tears 30, 31, 34 predominantly occurs in the lateral femoral condyle and lateral tibial plateau. This BB has been associated with articular cartilage injuries 11, 12, 19, 31, 33, 34 and meniscal tears. 3, 4, 23, 31, 33 Marrow and subchondral injuries observed on MRI have been shown to resolve in a long-term followup of a longitudinal cohort. 6, 13, 29 Magnetic resonance imaging and articular cartilage with bone biopsies of BB have demonstrated articular matrix pathologic changes and chondrocyte and osteocyte cell death. 19 To evaluate which of these concurrent injuries, including the presence of a BB with an ACL tear, are associated with increased knee pain and/or symptoms at the time of ACLR requires multivariable analysis of a large cohort with sufficient sample size to analyze all the aforementioned factors.
Because the BB occurs at the time of injury to the ACL, it may herald other intra-articular injuries that simultaneously occurred. Further, examining the relationship between a BB and patient characteristics such as gender, age, and circumstances of the injury may yield insight into the mechanism of ACL injury.
The goals of this study are to determine if any preoperative factors, including a BB, are associated with knee symptoms and knee pain and to examine the association of baseline factors with the presence of BB occurrences. First, we hypothesized that the presence of a BB would be associated with increased knee pain/symptoms at the time of index ACLR. Second, the presence of a BB would be associated with specific demographic and injury-related factors. 
MATERIALS AND METHODS

Study Design and Setting
Participants
Patients having primary ACLR who also had a preoperative MRI performed met inclusion criteria for study. The MOON surgeons prospectively added to surgeon evaluation forms in 2007 whether an MRI was obtained, whether a BB was present, and, if present, the location of BB as lateral femoral condyle (LFC), lateral tibial plateau (LTP), or other. Because a BB is recognizable on multiple types of MRI and the MRI scans were obtained after ACL tears, the surgeons judged appropriateness of timing and reading of the MRI. Participants undergoing primary ACLR without preoperative MRI, as well as revision ACLR, were excluded ( Figure 1 ).
Variables
To test the first hypothesis, that the presence of a BB is associated with knee symptoms and knee pain at the time of ACLR, 3 subscales were used as continuous dependent variables: (1) KOOS pain subscale, (2) KOOS symptoms subscale, and (3) Short Form 36 (SF-36) bodily pain subscale. The KOOS pain subscale includes 9 questions, each scored on a 0 to 4 scale, and the possible raw score ranging from 0 to 36 is transformed to a 0 to 100 score, where 100 constitutes no pain and 0 is the worst score. 28 The KOOS symptoms subscale consists of 7 questions scored on a 0 to 4 scale, and the possible raw scores ranging from 0 to 28 are transformed into a 0 to 100 score where 100 is the best score and 0 is the worst. The bodily pain subscale of the SF-36 contains 2 items; 1 has 6 levels of responses, and the other has 5, which is recoded to a 6-level item and transformed into a 0 to 100 score where 100 is the best health and 0 is the worst. 18 The presence of a BB was captured as a discrete (yes/no) variable, and location was recorded as a nominal variable with 4 categories: none, LTP, LFC, and other. The grading of the Lachman, medial collateral ligament (MCL), and lateral collateral ligament (LCL) was performed by each surgeon at the time of ACLR and they were classified according to International Knee Documentation Committee (IKDC) criteria. For the first hypothesis (whether a BB is associated with knee symptoms or pain), a BB was considered as an exposure (independent variable); however, for our second hypothesis (association of a BB with demographics and intra-articular injuries), BB was treated as the outcome (dependent variable). Tables 1 and 2 include the exposures and potential confounders included in our analyses stratified by BB status.
Data Sources and Measurement
After documentation of informed consent, participants completed a 13-page questionnaire examining selfreported demographics, injury characteristics, sports participation history, comorbidities, and health status. Regarding the latter, the following validated instruments are included: SF-36 (version 2), the KOOS, which includes the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), and the Marx activity scale. This is administered on the day of surgery, and completed within 2 weeks of the surgery date.
The KOOS was developed as a patient-based assessment tool to evaluate sports injuries (ACL injuries, meniscal tears, and mild osteoarthritis) in young and middleaged athletes as an extension of the WOMAC. 26, 28 The outcome instrument is composed of 42 questions covering 5 subscales: pain (9 items), symptoms (7 items), activities of daily living (17 items), sport and recreation function (5 items), and knee-related quality of life (4 items). 28 Each subscale is summed and transformed to a 0 (worst possible) to 100 (best possible) score. The KOOS has undergone extensive validation for the assessment of ACL injuries, meniscectomies, tibial osteotomies, and posttraumatic osteoarthritis. 10, 25, 27, 28, 35 A change in score of 8 points represents a real change in condition. 26 The minimum clinically important difference for SF-36 is reported to be 12% (12 points) over the transformed 100-point scale score. 1 The Marx activity scale was developed as a short, patient-reported activity assessment that estimates the peak activity over the past year to account for variability related to seasonal trends in sports or injury. 21 It is a validated tool that quantifies the frequency of running, cutting, decelerating, and pivoting activities, which are difficult for those with ACL deficiency. It contains 4 items that ask about frequency of participation in running, cutting, decelerating, and pivoting; items are scored using a 5-point scale quantifying the frequency of participation in each activity-less than 1 time per month (0), 1 time per month (1), 1 time per week (2), 2 or 3 times per week (3), and 4 or more times in a week (4) . The metric is reported as the sum of scores from the 4 categories ranging from 0 to 16. For example, a young, competitive, high school athlete practicing 4 times per week in football, basketball, or soccer would score a 16. Conversely, a recreational jogger running 3 times per week would score a 3.
After ACLR, surgeons complete a 49-page questionnaire that includes sections on history of knee injury and/or surgery on both knees, the results of the general knee examination done under anesthesia, recording of all intraarticular injuries and treatments to the meniscus and articular cartilage, and the surgical technique used for the ACLR. Classification of the general knee examination findings follows the recommendations of the updated 1999 IKDC guidelines. 16, 17 Surgeon documentation of articular cartilage injury is recorded on the modified Outerbridge classification. 7, 20 Meniscal injuries are classified by size, location, and partial versus complete tears, and treatment is recorded as not treated, repair, or extent of resection. 9 Completed data forms are mailed from the participating sites to the data coordinating center. Data from both the patient and surgeon questionnaires are scanned with Teleform software (Cardiff Software, Inc, Vista, California) using optical character recognition to avoid manual data entry, and the scanned data are verified and then exported to a database. 14, 24 Both patient and surgeon questionnaires have a matched, barcode unique identification on each page to de-identify the data and to aid in data merging.
Study Size
Sample size considerations guided variable selection to generate a model as complex as the data would allow without overfitting the data using the ratio m/10 as the 15 The effective sample size to model the presence of a BB as the dependent variable equals 106 (the number of participants without a BB).
Quantitative Variables and Statistical Methods
The following categorical variables were reduced because of low prevalence categories. Articular cartilage variables were grouped by compartment (medial, lateral, anterior), and severity of chondromalacia was dichotomized into grade II chondromalacia or higher being positive for chondrosis in that compartment. Activities at injury variables were collapsed into a new variable with 3 levels: non-sport injury (n 5 73), contact sport injury (football, n 5 74), and noncontact sport injury (n 5 318). The latter, noncontact sport injuries, included athletes injured playing baseball/ softball (n 5 18), basketball (n 5 87), soccer (n 5 76), skiing (n 5 35), and other sports (n 5 102). Lateral collateral ligament injury was less common than MCL injury and was dichotomized into normal and abnormal (n 5 14). The MCL injuries were collapsed into a 3-level variable: normal, grade I (n 5 23), and grades II/III (n 5 24).
To evaluate the association of a BB with knee pain and symptoms (hypothesis 1), multivariable linear multiple regression models were fit using the continuous scores of the KOOS symptoms subscale, KOOS pain subscale, and the SF-36 bodily pain subscale as the dependent variable. Independent variables included in these models were age, sex, body mass index (BMI), injury chronicity, medial meniscus status and treatment, lateral meniscus status and treatment, collateral ligament injury, laxity by Lachman examination, and chondrosis in the medial, lateral, and anterior compartments.
To examine the association between a BB and risk factors (hypothesis 2), a logistic regression model was used in which the dependent variable was the presence or absence of a BB, and independent variables were age, BMI, sex, contact injury, jumping at the time of injury, a ''pop'' at time of injury, activity at injury, and the Marx activity score. We did not assume linearity of covariate effects but only assumed smoothed relationships, using restricted cubic regression splines. Missing values of predictor variables were imputed using multiple imputation incorporating predictive mean matching and flexible additive imputation models as implemented in the aregImpute function available in the Hmisc package in R statistical software. 2 Data reduction methods used to preserve degrees of freedom in models included pooling of low prevalence categories, variable grouping, and hierarchical clustering (using squared Spearman rank correlation coefficients as the similarity matrix) to identify colinear variables that could be deleted from the model. Statistical analysis was performed with free open-source R statistical software (www. r-project.org).
RESULTS
There were 672 patients undergoing ACLR with baseline data collected between December 1, 2006 and July 18, 2008 examined for eligibility, and 129 revision cases were excluded. Of the remaining 543 primary cases, 525 were confirmed eligible and analyzed (Figure 1 ). Patient characteristics including KOOS subscales and the SF-36 bodily pain subscale are listed in Table 1 stratified by BB status. Intra-articular findings and results of the Lachman examination are listed in Table 2 , stratified by BB status.
Risk Factors Associated With Knee Pain and Symptoms on the KOOS
The presence of a BB as yes/no or by location was not associated with knee pain/symptoms as measured by the KOOS pain and symptoms subscales, nor the SF-36 bodily pain subscale. Factors associated with having more pain on the KOOS subscale were higher BMI (P \ .0001), female sex (P 5 .001), an LCL injury (P 5 .012), and older age (P 5 .038), which are adjusted for injury chronicity, medial meniscus status and treatment, lateral meniscus status and treatment, laxity by Lachman examination, MCL injury, and chondrosis in the medial, lateral, and anterior compartments (Figure 2) . The presence of chondrosis in the anterior compartment was associated with less pain (P 5 .031). A summary of effects is given in Appendix I (see online Appendix for this article at http://ajs.sagepub .com/supplemental/), using interquartile ranges (IQRs) for continuous variables with the 95% confidence intervals (CIs) for the mean effects, which are plotted in Figure 2 . A partial effects plot is shown in Appendix II (see online Appendix for this article at http://ajs.sagepub.com/ supplemental/). The presence of an LCL injury was associated with both a statistically and clinically meaningful increase in pain with a mean effect of -14.1 (95%CI: -25.2, a SSD, side-to-side difference. nificant, none of the respective point estimates (-5.9, -4.1, and -6.5) represents a clinically meaningful difference (8 points). Using the nomogram in Figure 3 , one can estimate the cumulative effects of these predictors. For instance, letting the other variables default to the value of category contributing no points to the total (left-most value/category), summing the points for a male with a BMI of 20 (~10 points for male 1 89 for BMI 5 99 total points) compared with a female with BMI of 25 (0 points for female 1~78 for BMI 5 78 total points), the predicted KOOS pain scores are 43 and 30, respectively, which would be considered a clinically meaningful difference.
Factors associated with having more symptoms on the KOOS subscale were a concomitant LCL injury (P 5 .014), higher BMI (P \ .0001), and female sex (P \ 0.0001), which are adjusted for age, injury chronicity, medial meniscus status and treatment, lateral meniscus status and treatment, MCL injury, laxity by Lachman examination, and chondrosis in the medial, lateral, and anterior compartments. A summary of effects is given in Appendix III (see online Appendix for this article at http://ajs.sagepub.com/supplemental/), using IQR for continuous variables with the 95% CIs for the mean effects, which are plotted in Figure 4 . The presence of an LCL injury was associated with both a statistically and clinically meaningful increase in symptoms with a mean effect of -12.4 (95%CI: -22.2, -2.6). While sex and BMI were statistically significant, the respective point estimates (-6.9 and -7.4) do not represent a clinically meaningful difference on the KOOS. However, using the nomogram in Figure 5 , one can estimate the cumulative effects of the predictors on symptoms. For instance, summing the points for a 20-year-old male with a BMI of 20 and a normal LCL (~14 points for male 1~10 points for age 1 23 points for LCL 1 87 for BMI 5 134 total points) compared with a 20year-old female with a BMI of 25 and a normal LCL (0 points for female 1 10 points for age 1 23 points for LCL 1~75 for BMI 5 108 total points), the predicted KOOS symptoms scores are 51 and 36, respectively, which would be considered a clinically meaningful difference.
None of the factors included in the SF-36 bodily pain model were found to be significant; the summary effects Figure 2 . Plot of effects of predictors in the model for Knee injury and Osteoarthritis Outcome Score (KOOS) pain subscale using interquartile ranges for continuous variables with bars representing the 95% confidence interval for the mean effect. For example, the effect of raising body mass index (BMI) from its first quartile (22) to its third quartile (28) is to lower the mean KOOS pain score by 6.5 points. For the KOOS pain subscale, a score of 100 indicates normal without pain whereas a score of 0 indicates the worst pain. Thus, lowering the KOOS pain score indicates an increase in pain. chron.dy, chronicity in days; SSD, side-to-side difference; mcl.c, medial collateral ligament; lcl.c, lateral collateral ligament.
are listed in Appendix IV, and plotted in Appendix V (see online Appendix for this article at http://ajs.sagepub.com/ supplemental/).
Risk Factors Associated With a Bone Bruise
The number of parameters included in the model examining risk factors associated with a BB was limited by the effective sample size (106). Hence, to reduce the degrees of freedom to 10, 8 variables considered to be the most relevant were included in the model, which were age, BMI, sex, contact injury, jumping at the time of injury, a ''pop'' at time of injury, activity at injury, and the Marx activity score. Factors associated with having a BB were younger age (P 5 .034) and not jumping at the time of injury (P 5 .006). A table including the point estimates for each parameter is provided in Appendix VI (see online Appendix for this article at http://ajs.sagepub.com/supplemental/), and Figure 6 is a plot of the odds ratios from the final model.
DISCUSSION
The results of all 3 validated, patient-reported outcome scales (KOOS pain, KOOS symptoms, SF-36 bodily pain) refute our first hypothesis that a BB is associated with pain or symptoms at index ACLR. To our knowledge, this is the first multivariable modeling to include the majority of ''knee injuries,'' which occur concurrently at ACL injury and are plausible sources of pain/symptoms. However, after adjusting for demographic and mechanistic factors, as well as meniscal and articular cartilage injuries, only concomitant LCL injury was both statistically significant and clinically relevant. The finding of chondrosis in the anterior compartment being associated with less pain, mean effect of 5.02 (95% CI: 0.49, 9.55), does not have an obvious clinical or biological explanation. Alternative explanations include Type I error and an unmeasured third variable that is associated with anterior chondrosis and knee pain. Other plausible variables not examined in the current study, such as cytokines and neurogenic chemical pain mediators, could be explored in future research. Higher BMI and female sex are associated with increased pain and symptoms, and for the clinician, the nomogram can be used to calculate the expected pain and symptoms at ACLR for an individual patient.
For the second hypothesis, both younger age and not jumping at the time of injury were significantly associated with the presence of a BB, while gender, Marx activity level, BMI, and other mechanistic factors were not. A prior prospective study likewise found a significant association between jumping and a BB. 31 At 12-year follow-up of this cohort, all the BB marrow changes had resolved, and there was no difference in IKDC scores among those with and without a BB at index. 13 There are several study limitations. Foremost is inherent to the cross-sectional design using only baseline data from a prospective cohort; hence, causal inferences cannot be made. Two-year follow-up of this cohort is planned to determine the relationship between the presence of a BB on MRI and outcomes after ACLR. Temporal trends that are difficult to account for may influence pain and symptoms. For instance, a BB could be a cause of symptoms after the initial injury and then resolve with time before index ACLR. To that end, the standard clinical guideline followed by the MOON group (regain active range of motion, quadriceps function, and normal gait as a prerequisite to perform ACLR) 33 likely introduces some lag time. Patients at the time of index ACLR still have clinically relevant levels of pain and symptoms as reflected in their baseline scores. Regarding our second hypothesis, the model was limited by the effective sample size of 106 patients without a BB; consequently, only 8 variables were examined. Rationale for inclusion of these parameters is based both on clinical knowledge and existing evidence. 5, 22, 23, 32 The multicenter design (7 sites and 16 surgeons) and large sample size (N 5 525) seem generalizable to fellowship-trained sports medicine doctors in an academic setting and, potentially, to a broader population of ACL tears.
In the short-term, the presence of a BB on MRI concurrent with an ACL tear is not associated with patientreported outcomes of pain and symptoms at time of index ACLR; patients with higher BMI and females report more pain and symptoms. The key findings of the study are presented in nomograms, which have several advantages, including ease of interpretation compared to regression equations, and they can be used to calculate knee pain and symptoms for individual patients. Finally, the presence of a BB is associated with younger age and not jumping at the time of injury. Future planned 2-year follow-up Figure 4 . Plot of effects of predictors in the model for Knee injury and Osteoarthritis Outcome Score (KOOS) symptoms subscale using interquartile ranges for continuous variables with bars representing the 95% confidence interval for the mean effect. For example, the effect of raising body mass index (BMI) from its first quartile (22) to its third quartile (28) is to lower the mean KOOS symptoms score by 7 points. For the KOOS symptoms subscale, a score of 100 indicates normal without symptoms and a score of 0 indicates the worst symptoms. Thus, lowering the KOOS symptom score indicates an increase in symptoms. chron.dy, chronicity in days; SSD, side-to-side difference; mcl.c, medial collateral ligament; lcl.c, lateral collateral ligament. 
